
"-7
/

4' P

' NASA TN D-17Z9

eq_

I i

Z

<

<
Z

TECHNICAL
D-1729

NOTE

CALIBRATION OF A THERMAL-CONDUCTIVITY VACUUM GAGE

IN THE RANGE OF l0 -4 TO 1 TORR BY MEANS OF

A VOLUME-RATIO CALIBRATION SYSTEM

By Raymond Holanda

Lewis Research Center

Cleveland, Ohio

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION

WASHINGTON June 1963

1



_t

]
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TECHNICAL NOTE D-1729

CALIBRATION OF A THERMAL-CONDUCTIVITY VACUUM GAGE

IN THE RANGE OF i0 -L_ TO i TORR BY _,_J_NS OF

A VOLU_-RATiO CALIBRATION SYSTEM

By Raymond Holanda

SUMMARY

Pressure measurements obtained with the thermal-conductivity gage were re-

producible to about i percent to the lower limit of 10 -2 Torr and to 2 percent

to the lower limit of i0 -_ Torr. Calibration curves for several gases are pre-

sented. Pressures in the range of 10 -4 to i Torr were accurately created by the

injection of a small volume of relatively high pressure gas into a large chamber

that was initially at substantially zero pressure. An error analysis showed that

pressures as low as 2><!0-4 Torr could be produced with a maximum limit of error

of 5 percent; below 2×10 -_ Torr the limit of error ffncreased linearly to C per-
cent at i0 -_ Torr.

II'_RODUCTION

The purpose of the work described herein was to investigate the adaptability

of the thermal-conductivity vacuum gage for use as a working standard in the

range of i0 -$ to i Torr. Such a device would be useful in the routine calibra-

tion of gages in the laboratory, in calibration and comparison of gages in the

field_ and in field checking of vacuum systems.

Articles on the subject of thermal-conductivity gages date back to 190G.

A bibliography of vacuum and low-pressure measurement, which includes the prin-

cipal work done on thermal-conductivity gages, has recently been published

(ref. i). In this report, primary emphasis is placed on the factors that in-

fluence accuracy and reproducibility. These factors are ambient temperature

control, stability of wire properties, gas composition as related to accommoda-

tion coefficient, contamination effects, and quality of secondary instrumenta-
tion.

In order to obtain specified standards of accuracy, it was first necessary

to devise a primary standard to create accurately kno_ pressures in this range.

The technique chosen was the volume-ratio method because of its simplicity. The

availability of a large volume bell jar was an important factor in obtaining the

specified accuracies. The technique had been used successfully by previous in-

vestigators (refs. 2 to 5). A physical description of the calibration system

together with an analysis of its accuracy is presented herein. A vacuum gage

design is described for use in the range of i0 -_ to i Tort.
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This report is part of a research program in vacuum measurement being con-

ducted at %he Le_,_s Research Center.

THERMAL-CONDUCTIVITY GAGE

Principle of Operation

The heat-transfer relation for a heated wire immersed in a gas is rep-

resented by

Qin = Qrad + Qgas + Qcond
(!)

If the wire is heated electrically and the pressure is so low that the wire is

considered to be in the free-molecule region_ equation (i) becomes

Keat Radiation Gas conduction End losses

input los s los s

(2)

provided that the end losses are small.

_e practical lo,_-pressure limit of the thermal-conductivity gage is reached

when the magnitude of the gas conduction term is of the same order as the random

variations in the other terms of equation (2). The upper lilmit of the gage

occurs when the continuum region is reached and heat transfer to the gas is in-

dependent of pressure. Between the continum and the free-molecule regions is

the slip region, where heat transfer by conduction to the gas remains some func-

tion of pressure, although the relation is no longer linear.

Further information on %he principles of operation is given in references 6

and 7.

Choice of Gage Sensing Element

Following is a list of qualities that are considered desirable in a thermal-

conductivity gage sensing element to be used for high accuracy measurements:

i) Stability of wire properties, such as emittance and surface condition

2) High accommodation coefficient and low emittance, which increase the

ratio of Qgas/Qrad at any given pressure and thus permit measurements
to lower pressures for a given measuring sensitivity

3) Large ratio of wire length to wire diameter, which minimizes end conduc-

tion losses and results in a more _niform axial temperature distribu-

tion

2
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_4) Small wire diameter, which results in extending the free-molecule flow

conditions to higher pressures

(5) Sufficient ruggedness for a wide variety of applications

(G) Commercial availability_ so that any number of elements can be

obtained without relying on difficult-to-duplicate laboratory construc-

tions

A gage tube that satisfactorily meets these qualifications is described in the

following section.

Description of Gage

The sensing element is a commercial unit_ a typical physical description of

which is .given in table I. The helical wire geometry results in a greater

length-diameter ratio for a fixed distance between end supports compared with a

straight wire and provides a desirable degree of ruggedness compared with a wire

tightly drawn between supports.

The wire is placed in a _eatstone bridge and is operated at constant wire

resistance Rw and thus constant wire temperature Tw. The circuit diagram for

the two principal experiments described in this report are shown in figure i.

The two circuits differed in that the bridge was balanced manually in one circuit

and automatically by means of the continuous-balance amplifier and motor in the

other. Because R5 = R4, Rw = R 2 when the bridge is balanced. After a change

in pressure causes Rw to vary and the bridge to become unbalanced_ balance is

restored by changing the current to the bridge by means of RI.

CALIBRATION SYSTEM

Choice of System

The volume-ratio method could be used successfully because of the avail-

ability of a vacuum system that had the following desirable characteristics:

large volume, a low outgassing rate, and a low ultimate pressure.

a

The main calibration tank _._s a bell jar of large volume (68.5 cuft). This

volume permitted the use of small-volume tanks sufficiently large that their

volumes could be measured to high accuracy while volume ratios large enough to

create calibration tank pressures to a lower limit of 10 -4 Torr were maintained.

The low outgassing rate (dpg/dt = 4><i0-_ Torr/min) permitted measurements to the
10 -4 Torr pressure level without a prohibitive degree of pollution of the high-

purity gases used in the experiments. The same advantage was provided by the

low ultimate pressure PO (5xi0-6 Torr) that was obtainable. The accuracies ob-

tainable from such a system make it useful as a pressure standard to a lower
limit of 10 -4 Tort.
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Principle of Operation

The calibration system is represented schematically in figure 2. The bell
jar and small-volume tank are initially evacuated to the ultimate pressure P0
by the diffusion pump. A quantity of gas is then transferred from the gas supply
to the small-volume tank s where the initial pressure PT,! can be measuredby a
diaphragm gage. The bell jar is then closed off from the diffusion pump, an
arbitrary amount of the test gas is transferred into the bell jar, and thereby a
lower pressure PT,2 in the small-volume tank is created. The pressure in the
bell jar may then be expressed as

(PT, I - PT_2)VT dpg

P_ = + P0 + dt (3)
VBj

provided that the bell-jar wall temperature is equal to the small-volume-tank

wall temperature. The effect of adsorption will be discussed, since equation (3)

assumes that no adsorption takes place.

Description of System

The main calibration tank is a 4-foot-diameter, 5-foot-high bell-shaped

tank made of mild steel. _o ports provide for the insertion of experimental

equipment_ electrical connectors are provided through the base plate. The pump-

ing system consists of a 100-1iter-per-second mechanical pump and a 16-inch

diffusion pump that provides a speed of i000 liters per second at the mouth of

the bell jar. Backstreaming of oil from the diffusion pump is kept to a minimum

by means of a water-cooled baffle and a Z-section between the pump and the sys-

tem. The system pumps from atmospheric pressure to the 10 -5 Torr level in about

20 minutes. The time required to attain the ultimate pressure of 3><10-6 Tort

depends on the previous history of bell-jar exposure to atmospheric pressure, but

it is normally on the order of 24 hours.

The small-volume tanks are constructed of stainless steel (tank A) and

brass (tanks B and C). Connections are made with i/4-inch-outside-diameter

copper tubing_ bellows-sealed valves_ and soldered fittings.

Diaphragm-type absolute-pressure gages with ranges of 0 to 20 and 0 to 225

Torr were used to measure the pressure in the calibration tanks. A mechanical

vacuum pump evacuated the gage case to a negligible pressure level to ensure

correct absolute-pressure indication.

The test gases used in the experiments were argon_ carbon dioxide_ helium,

and nitrogen of 99.9 percent purity as specified by the commercial source from

which they were obtained.

Experimental Procedure

A datum point or group of datum points was obtained in the following manner:
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With the bell jar at the ultimate pressure of 5><10-C Tort, the bridge was

balanced and the current through the wire recorded_ the pressure in the small-

volume tank _s measured. A quantity of gas was then transferred into the bell

jar from the small-volume tank, the bridge was rebalanced, and the new current

level and small-volume pressure were recorded. After this procedure was used

through an arbitrary number of gas transferences, the bell jar was reevacuated

and the zero-pressure current redetermined. Tank wall temperatures were re-

corded. The sensing element was mounted inside the vacuum system_ and the gage

wall temperature was recorded with a thermistor.

RESULTS AND DISCUSSION

Accuracy Considerations

Thermal-conductivity gage. - Table II lists the principal parameters in-

volved in the heat-transfer relation of the wir% the random variation of the

parameters, the effect of the random variation on the accuracy of the pressure

measurement_ and the method by which the parameters were measured or controlled.

The emittance of the _re was not directly measured_ but the stability of

this property can be inferred from the data presented in the section on repro-

ducibility of results. A computation shows that a random variation in emittance

of ±i percent would result in a random variation in the pressure measurement of

±GO percent at i0 -_ Torr_ when end losses are assumed negligible. An estimate

of the end losses, based on an example presented by Leck (ref. 7, p. 61), was

made in order to substantiate this assumptio% with the result that end losses

were fotund to be less than i0 percent of the radiation loss. Figure 3 illus-

trates why the radiation term has such a profound effect on the accuracy of the

pressure measurement. At i0 -_ Tort the heat loss by radiation and end conduction

represents 99 percent of the total heat loss from the wir% which justifies the

necessity for the high accuracy of the measurements given in table II.

Calibration system. - The accuracy of the volume-ratio method depends upon

the accuracy to which the various volumes are determined and on the accuracy of

the diaphragm gage. Table III indicates the volume of the components_ the limit

of error of these measurements_ and the technique used to determine the volume.

The degree of precision of each measurement is compatible with the contribution

of the component to the total volume of the system.

It can be seen from table III that three sizes of small-volume tanks and

two diaphragm gages with different ranges of pressure were used in the experi-

ments. These tanks and gages were interchangeable and were used in different

combinations. The tank-gage combinations used are tabulated in figure _ which

shows the effect of the accuracy of the diaphragm gages on the accuracy of the

volume-ratio method_ the figure is based on the fact that the limit of error of

the diaphragm gages is ±0.5 percent of maximum pressure value. Note that the

pressure created by amy tank-gage combination reaches a maximum limit of error

of about 5 percent before it is overlapped by another teamk-gage combination that

can produce that pressure more accuratelyj an exception exists below 2×10 -_ Torr

where the limit of error increases linearly to 6 percent at i0 -_ Tort.
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The effect of the volume measurementson the accumacyof the calibration
system can be determined from table III. The accuracy of each small-volume-tank
measurementcan be obtained by an algebraic summationof the volumes and limits
of error of the componentsinvolvedj that is, the tank itself, the connecting
tubulation, the internal volume of the diaphragm gage, and the change in the
volume of the diaphragm with pressure are added together to obtain the total
volume of the small-volume tank. Calculation showsthe maximumlimit of error
of any volume measurementto be less than i percent. Thus, an error analysis
of the entire calibration system (i.e., diaphragm-gage error and volume error)
shows that the diaphragm-gage error predominates, and therefore the limit of
error values given herein essentially applies for the calibration system as a
whole.

The volume-ratio calibration system was comparedwith an independent pres-
sure measurement. A dibutyl phthalate manometer, read with a cathetometer to an
accuracy of ±S×lO-3 Torr, was connected to the bell jar. Gas was transferred
into the bell jar a number of times from small-volume tank C until the bell-jar
pressure level was so high as to render the uncertainty of the manometernegli-
gible. The two methods agreed to within 0.7 percent at 4 Torr. The test,
however, only verified the accuracy of the volume determination of tank C. Tanks
A and B were then comparedwith tank Cto give an indirect comparison against the
manometer.

Reproducibility of Results

The heat-transfer equation for the wire when the bell jar is at essentially
zero pressure is

i_ Rw = Qrad + Qend (4)

At a finite pressure level, still in the free molecular region, equation (2)

holds true. Assuming that Qrad and Qend remain constant as pressure changes

and subtracting equation (4) from equation (2) give

i2 - l) As P (s)

Figure S is a graph of output signal i2 - i_ against pressure for nitrogen

in the range of 10 -4 to ! Tort. The curve is divided into two ranges, range i

from 10 -4 to 1.5><i0 -3 Torr and range 2 from 5×10 -3 to i Torr. The wire operat-

ing conditions for the two ranges are given in table IV. Equation (S) has been

used to normalize the data of range 2 to the wire- and ambient-temperature values

of range lj which results in the same straight line through both sets of data.

This normalizing technique is discussed in the next section.

The straight line drawn through the data (data points are not shown because

of the scale of the graph) represents the theoretical free-molecule heat transfer

according to equation (5), with the value of the accommodation coefficient chosen
that causes the line to best fit the data. The same value of accommodation coef-

ficient was chosen for the data of both range ! and range 2. The data begin to
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deviate from this line at about 5X10-2 Torr, which is indicative of the boundary
between the free-molecule and slip regions. This deviation can be seen more
clearly in figure 6(a). Figure 6(a) presents the data of range 2 in the form
(p' - p)/p plotted against p, _here p' is the pressure indicated by the
thermal-conductivity gage and p the pressure as represented by the theoretical
straight line. This figure showsthe average deviation from the meancurve to
be about i percent throughout most of range 2; it also showsthe deviation from
free-molecule theory to begin, as previously mentioned, at about 5xlO-2 Torr_
which amountsto 5 percent deviation in pressure indication at about 5×10-1 Torr
and i0 percent at about 5.5Xi0 -I Torr. Figure 6(b) presents the data of range
i and showsthe average deviation from the meancurve to be about 2 percent.

Effect of Variation in Ambient

and Wire Temperatures

The need for accurate control of ambient and wire temperatures is demon-
strated in figure 7. The graph illustrates the uncertainty in pressure indica-
tion that would occur if the temperatures were subjected to a randomvariation
of ±0.i ° F. The result would be a ±3 percent uncertainty in pressure indication
at 10-4 Torr due to a ±0.i ° F randomvariation in ambient temperature (fig. 7(a))
and a ±7 percent uncertainty in pressure indication at 10-4 Torr for a ±0. i ° F
randomvariation in wire temperature (fig. 7(b)).

The effect of a systematic change in ambient or wire temperature is shown
in figure 8. The solid curve is the range i curve of figure 5. The dashed
curve is the curve of output signal i 2 - i_ plotted against pressure for a
i0 ° F increase in wire temperature from the range i curve value_ the dash-dot
curve is the curve of i 2 - i_ plotted against pressure for a i0 ° F increase
in ambient temperature from the range i curve value. These curves were generated
by inserting the appropriate temperature values in equation (5). Thus_ once a
calibration curve is established for a particular set of values of ambient and
wire temperatures, data obtained at slightly different temperature levels can be
normalized to the original calibration curve. This technique is useful in the
field_ where slightly different temperature environments might exist. It was
employed to normalize the data of range 2 to the temperature values of range i.

While the method of presenting the data in a plot of i 2 - i_ against pres-
sure has the advantage of a linear calibration in the free-molecule region_ it
does require a knowledge of the current at the ultimate pressure level i O.
This knowledge is not possible in all vacuumsystems. The purpose of a periodic
check of i 0 is to verify that the emittance of the wire has remained within the
specified limits (±0. I percent for the data of this report).

The operation of the gage would be simplified by eliminating the systematic
changes in ambient temperature. The required degree of control of ambient
temperature (±0.05° F) can be obtained from commercially available constant-
temperature electric ovens. Preliminary data taken with such devices have shown
results comparable to the data presented herein.



Situations outside the realm of the application of this gage are systems in
which gas composition is unkno_mand temperature or pressure environments are
rapidly fluctuating. The gage, however_ does bring more accuracy and flexibility
to the problem of providing measurementstandardization_ especially in the lower
decades of the range discussed in this report. This range has always been a
borderline region for a numberof vacuumgages.

Calibration with Various Gases

Experimental data were obtained with nitrogen_ argon_ carbon dioxide, and
helium. Equation (5) was then fitted to the experimental data by choosing the
appropriate accommodationcoefficient. The values of the coefficient thus ob-
tained are presented in table V. Also included are the results obtained by
Amdurand Guildner (ref. 8) for the accommodationcoefficients of various gases
on an unflashed tungsten wire. Both results are for a wire temperature of
approximately 250° F. The data indicate that the surface conditions of the
wires are very similar. This similarity suggests that the data of reference S
could be used to draw calibration curves for those gases not covered by this
investigation_ and the necessity of experimental determination of each accommoda-
tion coefficient eliminated. It is felt that this technique could be utilized
for those applications where accuracies of ±5 percent were acceptable_ since the
agreement between accommodationcoefficient values obtained in both experiments
is within this limit.

The calibration curves for these other gases can be drawn as a straight line
to about I0 -I Torr, where slip-flow effects are still negligible (see fig. 6(a)).
This has been done in figure 9 for the experimentally determined curves and the
curves based on the accommodationcoefficient values of reference 8. For ac-
curate calibration no further extension of the curves on the basis of free-
molecule theory should be attempted beyond about 5Xl0-I Torr_ where slip flow
effects are responsible for a S-percent change in pressure indication for the
experimental data.

Note that, for any given gage output signal, the pressure ratio for two
different gases is a constant. Thus_ the following table of the ratio of the

pressure to nitrogen pressure p/PN2gas
pie of the nitrogen calibration curve:

presents each gas as a constant multi-

Gas P/PN2

Hydrogen
Carbondioxide
Nitrogen
Oxygen
Helium
Neon
Argon
Krypton
Xenon

0.66
0.94
i. 00
i. 02
i. 05
i. 58
i. 61
2.51
2.85

8 9



Effect of Contaminants

An attempt was made to change the calibration of the _ire by exposing it to

vapors that are commonly present as contaminants in vacuum systems. If it were

proved that the wire surface is highly sensitive to these impurities_ e_reme

care would be necessary to keep the gage in a spotless condition.

The gage was first exposed to vapors of _ater, acetone_ and carbon tetra-

chloride for 24 hours each at a pressure of about 5 Torr. The gage was operated

at its normal wire temperature. The gage was then recalibrated in nitrogen; no

change in calibration was observed. Next the gage was placed in a small vacuum

system that contained a pool of mechanical pump oil. The oil was heated to

12S ° F_ which corresponds to a vapor pressure of 5×10 -1 to i Tort. The system

was then pumped to well below this pressure (2.5><10-2 Torr) to ensure an atmos-

phere of hot oil vapor in the system. The gage was operated in this atmosphere

for 2_ hours_ then exposed to normal atmospheric air pressure for 24 hours_ and

finally for 24 hours more in the hot oil vapor. The gage was then recalibrated

in nitrogen (without any cleaning of the gage tube or wire)_ and no shift in

calibration was observed. The only effect on the wire was to cause an apparent

change in emittance of about 2 percent as evidenced by the change in the current

at the ultimate pressure. Since the radiation term is eliminated from the heat-

transfer equation (5), this result had no effect on the calibration of the gage.

It may also be concluded that no complications will arise from contamination ef-

fects because the wire showed no aging effects during the entire experimental
time (30 months).

Effect of Adsorption

The volume-ratio method has been applied in this investigation with the as-

sumption that a negligible amount of the gas that is transferred into the bell

jar is adsorbed at the walls. If this assumption were not true and a significant

amount of adsorption occurred, the actual pressure in the bell jar would be

lower than that predicted by the calibration system by an amount directly propor-

tional to the percentage of the gas adsorbed.

The linear relation between the output of the thermal-conductivity gage (in

the form i2- i_) and the pressure as predicted by the calibration system can

be used to determine the degree of adsorption. This proof is based on the as-

sumptions that there is a maximum adsorptive capacity of the _ralls and that this

maximum quantity of gas is adsorbed almost instantaneously. The experimental

data to validate these assumptions are given in reference 9.

If, for example_ a quantity of gas sufficient to raise the pressure to

10 -4 Tort were transferred into the bell jar and the thermal-conductlvity gage

continued to read zero pressure, it would be immediately obvious that the entire

volume of gas had been adsorbed at the walls (or that the valve to the diffusion

pump had been left open). As more gas is transferred :into the bell jar, the ad-

sorptive capacity of the walls would eventual!ybe reached and the thermal con-

ductivity gage would begin to indicate a finite pressure level. The resulting

relation between i2 - i_ and pressure as computed from the volume-ratio method



would be nonlinear. Analysis of figure 6(b) showsthat no nonlinearity occurred
even at the lowest pressure level of 10-4 Torr. The scatter of the data, about
±S percent, indicates that the degree of adsorption is at least less than about
3 percent at the low pressure limit of the experiments.

SUMMARYOFRESULTS

The volume-ratio calibration system described herein is a convenient method
to use as a primary standard to a lower pressure limit of 10-4 Torr. An error
analysis sh_ed that the pressures could be produced with a limit of error of
about 3 percent to a lower limit of 2×10-4 Tort, and increased linearly to about
C percent at 10-4 Torr.

The thermal-conductivity gage was tested in the range 10-4 to ! Torr. The
data obtained were reproducible to ±i percent in the range Sxl0-3 to i Tort and
to ±2 percent in the range 10-4 to I. SXI0-S Torr. The accuracy was obtained
only by use of very high quality secondary instrumentation obtainable in the
laboratory but not always available for field operations. Also, the ability to
make frequent references to the zero-pressure current level madeit possible to
verify the stability of the emittance of the gage _dre within the specified
limits.

Calibration curves were obtained experimentally for helium, nitrogen,
argon, and carbon dioxide, while suggested curves for hydrogen, neon, oxygen,
krypton, and xenon were obtained on the basis of an accommodation-coefficient
comparison.

Attempts to contaminate the gage with substances commonlyfound in vacuum
systems showednegligible effects on the calibration of the gage. The gage wire
showedno appreciable aging effects during 30 months of operation.

It was suggested that the operation of the gage could be simplified by re-
placing the ambient-temperature-correction technique with a constant-temperature
electric oven. This replacement would allmr direct conversion of the output
signal into its pressure equivalent without the necessity of first applying
corrections due to temperature changes. Preliminary data obtained with such a
device indicated this conclusion to be valid. Certain situations of unkno}mgas
composition, continuous temperature variations within a vacuumsystem, or a rapid
fluctuation of pressure would be outside the realm of the application of this
gage. But the gage did allow more accuracy and flexibility with which to provide
measurementstandardization to the growing numberof vacuumapplications.

Lewis Research Center
National Aeronautics and Space Administration

Cleveland, Ohio, _rch i3, 1963
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APPENDIX - SYMBOLS

are a

current

thermal conductivity

molecular weight

pressure

pressure indicated by thermal-conductivity gage

Qcond heat-flow rate from _Tire to end supports

Qgas heat-flow rate from wire to gas

Qin heat-flow rate into wire

Qrad heat-flow rate from wire by radiation

R resistance

universal gas constant

T temperature

t time

v volume

x distance along wire

accommodation coefficient

emittance

Stefan-Bo!tzmann constant

ratio of specific heats_ Cp/C v

Subs cripts :

0

a

BJ

cs

conditions with vacuum system at ultimate pressure

ambient

bell jar (main calibration tank)

cross section

]2
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end

g

s

T

ends of v_re

outgassing

surface

small-volume tank

wire
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TABLE I. - CHARACTERISTICS OF GAGE SENSING ELEMENT

Wire material ........................ Aged tungsten

Wire geometry ............................ Helix

Helix pitch_ in .......................... 0.0045

Helix diameter_ in. _ ....................... 0.0015

Resistance at 0° C_ ohms ...................... 77.0

Diameter_ in ............................ 0.0005

Extended length, in .......................... 4.6

Surface area, sq in ......................... 0.007
Total emittance a .......................... 0.13

I.D. of surrounding glass envelope_ in ............... 3/16

aDetermined from experimental results.

TABLE II. - RANDOM VARIATION OF GAGE PARAMETERS

Parameter Controlling or

measuring
instrument

Random

variation

OF percent

Effect of random variation

on accuracy of pressure
measurement

percent Measured at -

Torr

Manual control; pressure range_ 5×10 -3 to i Torr

Current

Ambient temperature

Wire temperature

Emlttance

Potentiometer and ....

i0 ohm shunt

Thermocouple ±0.3
Manual control of ±.i

circuit current

Inferred from data ....

±0.3 +-i

±.I

+.2

±.2

5XlO -3

5×10 -2

5×10 -3

5×10 -3

<±.i ±.3 5XIO -3

Automatic control; pressure range, 10 -4 to l. SxlO -3 Torr

Current

Ambient temperature

Wire temperature

Emittance

Digital voltmeter and .... ±0. i
1500 ohm shunt

Thermistor ±0.05

Amplifier and ±.02 ....

balancing motor

Inferred from data .... <±.i

±2

±.2

+i. 5

±1.5

±2

10-4

10-3

10-4

10-4

10-4



TABLEIII. - CALIBRATION-SYSTEMVOLUMES

Component Volume_ Method of
cu in. determination

Weight of waterSmall volume tank:
A
B
C

Main calibration tank
(bell jar)

Connecting tubulation
Diaphragm-pressure-

gage capsule b and
internal tubulation

0 to 225 Torr gage

0 to 20 Torr gage

Volume change of gage

capsule c
0 to 225 Torr

0 to 20 Torr

12.55±0.05

27.00±0°07

294.7±0.7

a68.5+0.6

1.57-+0.05

Independent

volume ratio

Geometric measurement

Volume ratio

0.75+0.02

O. 29+0.02

0.28±0.02

0.065±0.005

Gas displacement

aMeasured in cu ft.

bAt pressure of zero.

Czero to maximum pressure.

Ig
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TABLEIV. - EXPERIMENTALOPERATINGCONDITIONS

Parameter aRangei bRange2

Wire resistance_ ohms
Wire temperature, OF
Ambient temperature, OF
Experimental runs
Data points
Approximate current

at zero pressure_ ma
Approximate current

at 10-2 Torr, ma
Approximate current

at S×10-I Torr, ma

122

242

74+4

9

75

2

127

266

80+_4

2O

175

2

15

alO-_ to l. SXlO -5 Tort.

b5×lO -3 to i Torr.

TABLE V. - COMPARISON OF ACCOMMODATION COEFFICIENTS

OF REFERENCE S AND THIS INVESTIGATION OBTAINED

AT WIRE TEMPERATURE OF APPROXIMATELY 250 ° F

Gas

Hydrogen
Helium

Ne on

Nitrogen

Oxygen

Argon

Krypt on

Xenon

Carb on

dioxide

Accommodation coefficients

Reference 8

O. 36

.48

.80

.85

.89

.99

i. O0

i. O0

Present

investigation

O. 48

.89

.97

.91



O

Potenti-

ometer

_ __ aage _,_ire

__sistance

R W

Precisionresistor

_ R5

E I RI

Galva-

nometer

Values of circuit components

Rw m 120 ohms

RI = 0-2000 ohms

R 2 = Rw

R S = SO0 ohms

R4 = SO0 ohms

R S = i0 ohms
E _ 3 volts

Galvanometer:

Coil resistance, $I ohms

Sensitivity, 0.15 Ba/mm

(a) Manual control.

Figure i. - Circuit diagrsal for thermal-conductivity gage.
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Digital

volt-

meter

Precision

resistor
Ib

_ 1:15

R_r

I
t

Motor I

I

I Amplifier I

Values of circuit components

Rw m 120 ohms

RI = 0-i000 ohms

R 2 = Rw

R S = i00 ohms

R4 = i00 ohms

R S = 1500 ohms

R 6 _ 15,000 ohms
E m 45 volts

Amplifier and motor:

Dead zone_ ±2 microvolts

Motor speed, approximately 20

seconds for IS turns of RI

(0 to maximum value)

(b) Automatic control.

Figure i. - Concluded. Circuit diagram for thermal-conductivity gage.

18
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Extrapolated from

free-molecule

region

Experimental

Range
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10-5 10 -2 i0 -I i

Pressure, Torr

Figure 5. - Variation in output signal with pressure for thermal-

conductivity gage. Test gas, nitrogen.
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_o

CO
CJ

0

4o

_J

.4

O9

u]

g_

-4

b_
4a

4o

5

-5

(a) Ambient temperature variation, +0.i ° F.

i0

5

0

-5

-i0

10-% i0 -S 10 -2

Pressure, Torr

(b) Wall temperature variation, +0.i ° F.

Figure 7. - Effect of random temperature variation on pres-

sure indication.
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i0-4 10 -3 10 -2

Pressure, Worr

Figure 8. - Effect of systematic change in ambient or wire temperature on gage calibration

curve.

2g z_



i00 ',_,:I ! ! ! !!!! ' ' ' .... Hydrogen

helium,i I and oxygen-]g--7_ Neoni i i

• Argon
II ,,'_,,;! Krypton I

/_,',' Xenon [ [

N IIII iJ JY fJ" .ff I I
¢'cl j'f r_ I I
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Pressure, Torr

Figure 9. - Calibration curves for various gases with thermal-

conductivity gage. Curves determined experimentally for

carbon dioxide, helium, nitrogen, and argonj curves determined

from accommodation coefficients of reference 8 for hydrogen,

oxygen, neon_ krypton, and xenon.
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